Soil physicochemical properties were determined for soils under cropland and forest at the headquarters of the International Institute of Tropical Agriculture in Ibadan, Southwestern Nigeria to examine the 30-year effects of different land use on the fertility of five soil series toposequences underlain by a Basement Complex. The cropland had been under cultivation for 30 years, during which mainly maize and yams had been cultivated in rotation with application of chemical fertilizer and intermittent fallow, while the forest had secondary vegetation that had been regenerated during a 30-year period under protection. The findings for cropland indicated an accumulation of available phosphorus and exchangeable potassium, soil compaction and slight depletion of topsoil organic carbon content; and the findings for forest indicated soil acidification and accumulation of exchangeable Ca at the surface soil horizon. These findings suggest the possibility of maintaining soil fertility with a long-term intensive and continuous crop farming system in kaolinitic Alfisol soil over the inland valley toposequences of tropical Africa.
Introduction
Soil degradation and fertility depletion are the fundamental reasons for the decline of per-capita food production, hunger and malnutrition in Sub-Saharan Africa . It is estimated that the soils in this region have suffered an annual loss of 22 kg N ha -1 , 2.5 kg P ha -1 , and 15 kg K ha -1 as a result of low input farming systems for subsistence such as traditional slash-and-burn practices over the past 30 years (Smaling et al. 1997) . This annual loss is equivalent to US $4 billion in fertilizer (Sanchez 2002) . The longer cultivation period and shortened fallow duration under ever-increasing demographic pressure have been threatening the productivity and sustainability of the traditional farming systems. Viable alternatives to these systems are required in the transition from traditional shifting cultivation to semi-permanent systems through the use of fertilizers.
Soil fertility management is key to the sustainability of prolonged, semi-permanent farming systems that enable cropping intensification. Sanchez et al. (1982 Sanchez et al. ( , 1983 documented an improvement in pH, exchangeable Ca and available P of soil in a highly weathered red soil (Typic Paleudult) of the Amazon Basin during an 8-year period of consecutive cultivation after forest clearing as a result of the application of chemical fertilizer (annual rates: 80-100 kg N ha -1 , 25 kg P ha -1 , 80-100 kg K ha -1 ). In contrast, Juo and Lal (1977) and Juo et al. (1995a Juo et al. ( , 1995b Juo et al. ( , 1996 found a declining trend in the same soil properties and crop productivity in a kaolinitic Alfisol (Oxic Kandiustalf) of tropical Nigeria during a 10-to 18-year period of consecutive cultivation despite continuous application of the JARQ 49 (4) 2015 T. Wakatsuki et al. recommended amount of chemical fertilizer (annual rate: 150 kg N ha -1 , 26-30 kg P ha -1 , 25-40 kg K ha -1 ). These contradictory reports suggest the need for further research to examine long-term trends of soil fertility in various tropical soils under semi-permanent cultivation through the use of chemical fertilizer.
Furthermore, deforestation and forest degradation are major issues in tropical regions in relation to environmental deterioration, loss of biodiversity, greenhouse gas emissions, and ecosystem service reduction (Chazdon 2008 , Lamb et al. 2005 . Forest clearing and land reclamation for agriculture are major causes of deforestation and forest degradation (Detwiler 1986 , Don et al. 2011 . In contrast, afforestation and reforestation are reliable options for restoring degraded and abandoned lands. Natural bush regrowth is currently considered the most efficient type of fallow for nutrient recycling and biomass accumulation because it consists of many plant species with different types of root systems (Ewel 1986 , Jaiyebo & Moore 1964 . However, changes in the characteristics of soil fertility during forest regeneration as long-term natural fallow have not been fully explored in tropical Africa.
It was hypothesized that soil fertility in the continued cultivation of lands with chemical fertilizer would be lower than that of long-term fallow lands in highly weathered tropical soil. The aim of this study was to assess changes in soil fertility under contrasting land-use systems in Sub-Saharan Africa. The physicochemical properties of soil under cropland and secondary forest were examined over five soil series along toposequences overlying Basement Complex rocks in Southwestern Nigeria. Here, these croplands have been cultivated with fertilizer and intermittent short fallow for 30 years, while the secondary forests, which feature highly weathered tropical soil, have not been cultivated for the same period of time.
Materials and Methods

Study site
The study site is located at the headquarters of the International Institute of Tropical Agriculture (IITA) (7°30'N, 3°54'E) in Ibadan, Southwestern Nigeria. This site is situated in a transitional zone from forest to savanna, including a derived savanna area with a sub-humid tropical climate. Rainfall distribution is bimodal. The rainy season normally begins in April and ends in November with a short break (minor dry season) in August. The major dry season lasts from December to March. Mean annual precipitation and monthly temperature were in the range of 790-1930 mm and 22.5-30.0°C and averaged 1310 mm and 26.5°C, respectively, from 1981 to 2010, according to the IITA weather record.
The headquarters campus has a total area of 1000 ha and includes nine lakes, the largest of which (70 ha) lies north to south in the middle of the campus dividing the area into two major parts; namely, the forest reserve area (350 ha) in the west and the experimental field area (230 ha) in the east. The landscape is dominated by a gently undulating peneplain (slope gradients < 15%) that forms small headwater swamps (called inland valleys) between the ridges. The soils at the study site are underlain by metamorphic rocks of the Pre-Cambrian Basement Complex consisting of banded gneiss, quartzites, quartz schists, and granitic gneisses (Moorman et al. 1975) , and generally have a sandy loam topsoil and a gravelly and clayey subsoil, being classified into Alfisols. Soil mineralogy is dominated by kaolinite and quartz in the clay and fine-sand fraction, respectively (Abe et al. 2006 , 2007a , Moormann et al. 1975 . These characteristics represent low activity clay soil in this region (Kang & Spain 1986 ).
Land use history and farm management
The study site had been occupied by a local population engaged in the traditional slash-and-burn farming of maize (Zea mays), cassava (Manihot esculenta), and cocoyam (Colocasia esculenta) as well as oil palms (Elaeis spp.). IITA assumed control of the site in 1967.
IITA has recorded land use and management practices in its experimental farm (cropland) since 1998. No farm record is available before this. The farm record indicates that the croplands have been cultivated predominantly with maize, cassava and yam (Dioscorea spp.), and left intermittently for natural or improved fallow with Mucuna spp. Nevertheless, no official record of the rate of fertilization was available when the present study commenced. However, a review of the previous reports on the field experiments conducted at the IITA headquarters campus over the past 30 years revealed annual rates of chemical fertilizer application for maize production at: 50-120 kg N ha -1 , 30-60 kg P2O5 ha -1 , and 30-60 kg K2O ha -1 (Egesi et al. 2007 , Ekleme et al. 2004 , Muhr et al. 2002 . No fertilizer was used for yam and cassava production in most cases. In addition, an informal interview with the farm manager and field officers indicated that identical cropping systems and management practices, including the fertilizer application method, have been employed since IITA was established in 1967.
The secondary tropical semi-deciduous forest has been regenerating in the forest reserve for more than 30 years due to protection from anthropogenic disruption such as undergrowth burning during the dry season. This means that the forest reserve can be considered a long-term natural fallow site. The secondary forest in the IITA forest reserve basically exhibits a four-layered structure composed of a discontinuous emergent canopy of (Hall & Okali 1979) . The forest vegetation around the Ibadan region has a scarcity value because of extensive agricultural operations and rapid urbanization.
Field survey and soil sampling
Field surveys and soil sampling were conducted in August-September 2006. Referring to a soil map provided by IITA and soil survey information documented by Moormann et al. (1975) and Smyth and Montgomery (1962) , survey locations were selected over five soil toposequences on different series: Ekiti (Dystroxerepts), Iwo (Paleustalfs), Egbeda (Paleustalfs), Iregun (Haplustalfs), and Ikire series (Epiaquents) ( Fig. 1; Fig. 2 ; Soil Survey Staff 2006) because soil properties often vary considerably over the toposequence (e.g., Abe et al. 2007b Abe et al. , 2009b Abe et al. , 2009c . Both cropland and secondary forest were further selected within each soil series, except for the Ekiti series, which was only covered by secondary forest. For description of soil morphology and sample collection, a soil pit (up to 1.5 m deep unless lithic contact was made at a shallower depth) was freshly prepared at each survey location. Soil morphology within each soil profile was observed by Soil Survey Staff (1993) .
The soil profiles in the inland valley investigated in this study area were previously described by Moorman et al. (1975) and Smyth and Montgomery (1962) (Fig. 2) . The Ekiti series is located on the upper slope of the ridge (slope = 5%), has an irregular boundary, lithic contact at a shallow depth, and originates from banded and weathered gneiss. The Egbeda series occurs on a 1-3% convex slope on ridges and originates from fine-grained biotite gneiss and schist. The Iwo series also appears on a 1-3% convex slope on ridges and derives from sedentary material from coarse grained granite and banded gneiss overlain by colluvium. This series is further divided into standard, sandy and concretionary phases. The sandy and concretionary phases represent more sandy texture throughout the soil profile and the presence of more Fe or Mn concretions than the standard phase (hereafter shown as 'the Iwo series'). The Iregun series lies on a fairly flat slope (< 2%) at the head of the lower toposequence position in the inland valley, and formed on old colluvium of weathered Basement Complex rocks. This series has a relatively thick A horizon (22-32 cm in depth) and contains no gravells to at least 50 cm. The Ikire series occurs in a swamp area at the inland valley bottom, originates from sandy alluvium and colluvium over older, sedentary, clayey substrate, and has redoximorphic features under poorly drained conditions with a relatively high ground water table. After description of the soil profile, duplicate soil samples were collected from each horizon using a 100 cm 3 stainless steel cylinder. Soil moisture content was obtained after a 5 g sample was oven dried at 105°C for 24 h, and bulk density was determined by correction of soil moisture content. The remaining samples were air dried and sieved to 2 mm for laboratory analysis.
Laboratory analysis
The glass electrode method was used to determine soil pH in 1 mol L -1 potassium chloride (KCl) and in water (soil: solution = 1:1), and are hereafter shown as pHKCl and pHwater, respectively. Organic carbon (C) content was measured by the Walkley-Black (dichromate-oxidation) procedure. Total nitrogen (N) content was measured using an elemental analyzer (SUMIGRAPH NC-22A; Sumika Chemical Analysis Service Ltd., Osaka, Japan). Exchangeable calcium (Ca), magnesium (Mg), potassium (K), and sodium (Na) were extracted from the soil with 1 mol L -1 neutral ammonium acetate, and were subsequently determined using an atomic adsorption spectrophotometer (Z-2300; Hitachi Tech, Co., Tokyo, Japan). Exchange acidity was determined by the sodium hydroxide titration method after extraction with 1 mol L -1 KCl. Available phosphorus (P) was extracted by the Bray-1 method followed by colorimetric measurement using an ultraviolet/visible spectrophotometer (V-630; JASCO Co., Tokyo, Japan) after color development with molybdate under the presence of ascorbic acid. All analyses were conducted according to the IITA standard soil analysis manual (IITA 1979) , except for the dry combustion measurement of total N. Effective cation exchange capacity (ECEC) was calculated by summation of exchangeable bases and exchange acidity, whereas base saturation percentage was expressed as a proportion of the sum of exchangeable bases to ECEC.
Data processing and analysis
The physicochemical properties of three different soil depths were arranged in order to investigate the effects of land-use change. Different soil depths were Surface horizon (top soil horizon), Upper horizon (average of 0-50 cm horizons) and Lower horizon (average of below 50 cm horizons). Scheffe's test was used to compare the physicochemical properties of soil among cropland, forest and reference survey data (Moorman et al. 1975 ) under difference land use conditionss. Soil data originated from cropland and forest were analyzed to calculate Pearson's correlation coefficients among soil fertility parameters. All statistical analyses were performed on SPSS ver. 15.0. Table 1 shows morphological features of the examined pedons over six soil series under the contrasting land use systems in IITA. Soil horizon characteristics showed several similarities at each soil series between the present study and 1975 survey (Moorman et al. 1975) . In general, the soils had sandy texture especially in the surface horizons, and a clayey texture in the lower horizons. Soil texture generally become finer with increasing soil depth along with the occurrence of clay cutan in the ped surface of the subsoil horizons. The Ekiti series had a shallow soil depth with a sandy texture. The Iwo sandy series showed a sandy texture in the upper horizons. Egbeda, Iwo, Iregun, and Ikire series showed a sandy to loamy texture complex in the upper horizons. The examined soil series generally had a crumbly or granular structure in the surface horizon, while angular or subangular blocky structure in the B horizon followed by structureless (massive) C horizons.
Results and Discussion
Soil profile description
Soil phosphorus and potassium
Available P and Exchangeable K content tended to decrease with soil depth; available P, in particular, became very low in the lower horizons below 50 cm (Fig. 3 and Fig. 4) . Available P and exchangeable K was generally higher in the cropland than in the forest (Fig. 3 and Fig. 4) . Available P and exchangeable K significantly correlated with exchangeable Ca and Mg in the forest, whereas no correlation was found in the cropland (Table 2) .
Available P and exchangeable K can be maintained and improved by the application of fertilizer in this study soil. These results are supported by Sanchez et al. (1982) who reported that available phosphorus and exchangeable potassium could be maintained with the application of fertilizer. In general, application of P fertilizer is essential to improve crop productivity in highly weathered tropical soils, which have high active iron and iron oxide content, and thus high P fixation capacity and low P availability (Sahrawat et al. 2001) . Preferential accumulation of available P in the upper horizons of the Iregun and Ikire series in comparison to those of Egbeda and Iwo series suggests that surface soil with P accumulation was washed away from the upper slope to the lower slope because of surface runoff and soil erosion in cropland. Soil erosion rates in the croplands at IITA headquarters are relatively high; estimated as 3-7 Mg ha -1 year -1 in the maize fields and 7 Mg ha -1 year -1 in the cassava fields (Junge et al. 2010) . Furthermore, the majority of the P fertilizer is absorbed by Fe oxides in highly weathered soil. Fe oxide-rich upper slope soil has higher P fertilizer sorption than the lower slope. Over the majority of the slope position, exchangeable K was higher for the cropland than the forest (Fig. 4) . Exchangeable K levels increased rapidly after burning but decreased as fast because reaching (Sanchez et al. 1983) . Exchangeable potassium accumulated through the application of chemical fertilizer and was quickly lost due to leaching.
Soil organic carbon and nitrogen
Organic C content in the studied pedons was highest in the uppermost horizons and decreased sharply with depth (Fig. 5) . The surface horizons of the forest had a slightly higher organic C content than that of the cropland (Fig. 5) . The organic C content followed the same soil profile distribution trend as that of the total N content, as indicated by a strong positive correlation coefficient between the organic C and total N contents ( Table 2 ).
The C/N ratio generally decreased with increasing soil depth and showed an extremely low ratio in the subsoil horizons of the Ekiti and Egbeda series (Fig. 5) . The surface horizons, the forest had a significantly lower C/N ratio than the cropland (Table 3) , while an opposite trend was observed for some subsoil horizons of the Iwo and Ikire series.
Land clearing and subsequent crop cultivation often results in the loss of organic C in the soil in the tropics (Abe et al. 2007c , 2009a , Detwiler 1986 , Don et al. 2011 because of rapid decomposition of organic matter under the tropical climate (Jenkinson & Ayanaba 1977) . In contrast, the soils of the forest had approximately 10 mg kg -1 higher organic C content than cropland (Thomas et al. 1992) . In this study, however, organic C content in the surface horizon was only 5 mg kg -1 higher in the forest than in the cropland (Table 3 ). Crop residue recycling and an improved off-season fallow system partially and intermittently implemented to the cropland may prevent accelerated decomposition of soil organic matter from under crop cultivation (Juo & Lal 1977 , Juo et al. 1995a , 1995b , 1996 . Although past authors have not mentioned it, all IITA croplands were well developed and demarcated based on the contour lines at the time IITA started its research activities. This contour based land development and demarcation might have contributed to the prevention of soil degradation over the last 30 years. Secondary forests usually store less organic C than primary forests, underlining the importance of primary forests for C stores (Don et al. 2011) . The forest area was a pattern of secondary forest, cocoa plantation, and arable crops in rotation with bush regrowth before IITA was established (Moormann et al. 1975) , and soil organic C content might have been loosed due to traditional shifting cultivation. The long-term (30 years) natural fallow could establish secondary forest, but might not greatly recover soil organic C stocks. Despite the frequent application of N fertilizer to the cropland for the past 30 years, the total N content, especially in the upper horizons, was generally found to be lower in the cropland than in the forest (Fig. 5) , and significantly (P < 0.05) lower in the cropland surface horizons than in the forest (Table 3) . This suggests that a major portion of mineral N derived from the fertilizer was lost from the surface horizons through plant uptake, leaching and denitrification (Arpra & Juo 1982 , Cobo et al. 2002 , Van der Kruijs et al. 1988 . The strong correlation of total N with organic C suggests that most N is stored in soil organic matter ( Table 2) . The greater N immobilization by trees and its accumulation in soil organic matter is prominent in the forest.
Soil chemical properties
The soils at the study site showed slight or moderate acidity (Fig. 6) . Soil pHwater was highest in the surface horizons and decreased with depth while increasing slightly at the lower horizons. Soil pHwater was higher throughout the profile in the cropland than in the forest except for the upper horizons of the Ikire series. Soil pHKCl generally represented the same trend of soil pHwater. Soil pHKCl of the cropland was significantly higher (P < 0.05) than in forest at the lower horizons. The soil pHwater was negatively correlated with exchange acidity but positively correlated with exchangeable Ca and K and base saturation percentage (Table 2) .
Generally, exchangeable Ca was found to be accumulated in the surface horizons (Fig. 4) . Some subsoil horizons also showed accumulation of exchangeable Ca. The present results indicated that the surface horizons in the croplands had lower exchangeable Ca content than those in the forest (Fig. 4) . Some subsoil horizons for the Iwo series sandy phase, Egbeda, Iwo, and Iregun series showed lower exchangeable Ca content in the forest than in the cropland. Most horizons of the Iwo series sandy phase, the subsoil horizons of the Iregun series, and the surface and lower horizons of the Ikire series had relatively similar values between forest and cropland. Base saturation was especially low in the subsurface soil horizons of the forest for the Egbeda, Iwo, and Iregun series, and those of the cropland for the Egbeda and Ikire series.
The lower soil pH in the forest than those in the cropland and the reference survey suggested that soil acidification occurred in the forest (Fig. 6 and Table 3 ). In the forest, soil acidification was associated with increased exchangeable acidity and decreased percentages of base saturation (Table 2 and Fig. 4) . In general, reforestation and forest restoration including natural vegetation regrowth during a long-term fallow result in an increase in exchangeable acidity and a decrease in exchangeable Ca, Mg, and K content owing to redistribution of these bases from the soil to biomass pools (Jackson et al. 2005) . The higher contents of exchangeable Ca in the surface horizons of the forest compared with those of the cropland but opposite trend in the subsoil horizons suggested that the bases were taken up from the subsoil by trees with deep root systems and that the bases assimilated into the tree biomass eventually accumulate in the surface horizons through litter fall (Dijkstra & Smiths 2002 , Vanlauwe et al. 2005 . This mechanism also explains why soil acidification is more severe in the subsoil horizons than the surface horizons. Trees also produce acidic canopy leachates and litter decomposition products, which cause further soil acidification (Jackson et al. 2005) . Exchangeable Ca content in the surface horizons of the forest suggested that accumulation of soil organic matter enhanced amounts of exchangeable bases as well as cation exchange capacity, as reported by Juo and Lal (1977) and Merckx et al. (2001) . Input of base cations as a component of organic matter could alleviate soil acidification in the surface soils and would explain the lower acidification in the surface soil than the subsoil in the forest.
In the cropland, exchangeable cations have remained at the same level as the reference survey, and would prevent topsoil acidification (Table 3 ). In general, N fertilizers affect soil acidity because of the preferential uptake of nitrate-N to bases by most crops and the excretion of hydroxide ions to balance the charge reduces acidity (Jolley & Pierre 1977 , Pierre et al. 1971 . Juo et al. (1995a Juo et al. ( , 1995b Juo et al. ( , 1996 reported soil acidification followed by a considerable decline of exchangeable Ca in the topsoil horizons of the Egbeda series under continuous maize-based systems, which would arise from nutrient removal by crop harvest (Jaiyeoba 1995 , Sharma et al. 2009 ), application of ammoniacal fertilizers and nitrification of applied N (Stumpe & Vlek 1991) . In this study, the application of triple super phosphate containing Ca (12%, w/w) may have helped to replenish the exchangeable Ca and prevent acidification in the soil of the cropland.
Soil compaction
Bulk density was lowest in the surface horizons and became higher with depth. It became relatively constant in soil horizons below 50 cm (Fig. 7) . The soils in the surface horizons of cropland had a slightly higher bulk density than those in the forest. This trend was prominent in the upper horizons of the Egbeda series and all horizons in the Iwo series sandy phase. Soil penetrometer readings revealed the same trend as the bulk density data (Fig. 7) . The penetrometer readings showed a higher value with soil depth and were in the order of cropland-to-forest in the upper horizons. Higher soil compaction was observed in the deepest horizons of the Egbeda series in the forest and the Iregun series in the cropland. While soil bulk density and compactness in the cropland was significantly higher than that of reference data in the Upper and Lower horizons and the Surface horizon (Table 3) , soil structure disruption in the cropland was not detectable in the field observation of soil morphological characteristics (Table 1) .
IITA widely applies mechanical tillage in land preparation every cropping season, which disrupts soil structure and accelerates soil compaction. However, the weak development of crumb or granular structure in the sandy topsoils of the study site would make it difficult to find signs of soil structure disruption in the field. Soil compaction during crop cultivation at IITA has been reported in the Egbeda series (Juo & Lal 1977 , Juo et al. 1996 as soil structural stability is usually very poor in kaolinitic Alfisols (Juo et al. 1995b , Kang & Spain 1996 . Reduced mechanical tillage, the application of surface mulch, and the insertion of organic matter would all be useful measures to enhance soil structural stability and prevent soil compaction (Lal 1987) . 
Conclusions
The present study examined the long-term changes in the physicochemical properties of between croplands and forest. Differences in soil fertility were unremarkable. It was concluded that soil fertility could be maintained with a long-term intensive and continuous crop farming system in a kaolinitic Alfisol soil over the inland valley toposequences of tropical Africa. The system requires appropriate fertilizer management and soil conservation measures such as soil erosion control and soil organic matter management. Further research is required to clarify the details of these systems. Major findings and suggestions are summarized as follows: 1) Available P and exchangeable K were higher in the surface horizons of the cropland than the forest, probably because of the application of fertilizer and developed cropland. 2) Soil organic C and total N contents were slightly lower in the surface horizons of the cropland than the forest, suggesting that soil organic matter was maintained by continuous crop farming. 3) Soil acidification was not severe in the upper horizons of the croplands, probably because of the application of triple super phosphate containing Ca, which may have helped to replenish the exchangeable Ca in soil, while substantial acidification took place in the soil profiles of the forest, probably because of the preferential uptake of bases by trees and organic acid derived from litter decomposition. Exchangeable Ca accumulated in the surface horizons of the forest, which suggested that accumulation of soil organic matter enhanced the amount of exchangeable bases as well as cation exchange capacity. 4) Mechanical tillage may be thought to cause soil compaction in the upper horizons of the cropland, though the extent of soil compaction was minor and would not greatly affect crop production. 
